Abstract. The protein environment can have significant effects on the enzyme catalysis even though the reaction occurs locally at the reaction center. In this paper we describe an efficient scheme that includes a classical molecular dynamics (MD) free-energy perturbation (FEP) correction to the reaction energy diagram, as a complement to the protein effect obtained from static ONIOM(QM:MM) calculations. The method is applied to eight different reaction steps, from the O 2 -bound reactant to formation of a high-valent ferryl-oxo intermediate, in the nonheme iron enzyme isopenicillin N synthase (IPNS), for which the QM:MM energy diagram has previously been computed [Lundberg, M. et al., JCTC 2009, 5, 220-234]. This large span of the reaction coordinate is covered by dividing each reaction step into micro-steps using a virtual reaction coordinate, thus only requiring ONIOM information about the stationary points themselves. Protein effects are important for C-H bond activation and heterolytic O-O bond cleavage because both these two steps involve charge transfer, and compared to a static QM:MM energies, the dynamics of the protein environment changes the barrier for O-O bond cleavage by several kcal/mol. The origin of the dynamical contribution is analyzed in two terms, the geometrical effect caused by the change in average protein geometry (compared to the optimized geometry) in the room temperature MD simulation with the solvent, and the statistical (entropic) effect due to fluctuations in the interactions between the active site and the protein environment.
Introduction
When modeling enzymatic reactions, it is common to separate the reactivity of the active site from the effects of the surrounding protein matrix. This approximation seems especially valid for transition metal enzymes, for which the activity of biomimetic complexes 1 indicates that the reactivity mainly depends on the electronic structure of the metal center. 2 QM/MM (Quantum Mechanics/Molecular Mechanics) models take advantage of the separation between reaction active site and protein environment by treating these regions at different levels of theory.
However, enzymes with very similar active sites catalyze different reactions, and an explicit description of the protein environment is necessary to fully understand the reaction mechanism, relative reaction rates and substrate selectivity. 3 Our group has developed the ONIOM multi-scale method that calculates the total energy of the molecular system by an extrapolation scheme including different QM and MM calculations. 4 -9 The QM:MM label separates ONIOM from standard QM/MM methods that employ additive schemes. The interaction between the QM part and the MM part can be included in the calculations either classically by mechanical embedding (ONIOM-ME) or semi-classically by electronic embedding (ONIOM-EE). 9 We have previously used the ONIOM QM:MM method to describe the protein effects on several metalloenzyme reactions. 10 Recently we have employed an advanced algorithm, the "fully coupled macro/micro-iterative" optimization scheme, 11 to efficiently locate transition states in complex molecular systems, specifically in mammalian glutathione peroxidase, 12 isopenicillin N synthase (IPNS) 13 and methylmalonyl-CoA mutase. 14 , 15 However, describing a large system with optimization techniques requires special care to avoid artificial changes in geometry that can lead to large errors in relative energies.
The protein environment influences the description of the reactivity, but the effect on the calculated energy barriers varies significantly between different enzymes, significantly lowering the barrier in methylmalonyl-CoA mutase while having only a modest effect in glutathione peroxidase. 9 Static methods also cannot describe situations where the environment changes during the chemical reaction, e.g., new alignment of side chains or solvent water, thermal fluctuations, or large-scale protein motions. Due to the lack of geometric polarization, the static approach may overestimate electrostatic effects. In the present study, we replace the static interactions between protein and QM region by classical free-energy corrections from dynamical sampling of millions of protein configurations. QM/MM approaches with free-energy perturbation (FEP) have previously been used to describe reactions in both protein and solvent. [16] [17] [18] [19] [20] [21] To separate the present approach from others efforts in the area, we use the description QM:[MM-FEP] for the ONIOM QM:MM approach where the effect of the MM layer is described by free-energy perturbation. 22 One of the main objectives of the present method is the capability to estimate the dynamic effects on the reaction energy profile of complicated enzymatic reactions, e.g., a multi-step redox reaction in a transition metal enzyme. The difference in electronic structure and nuclear coordinates between two stationary states can be large, so in FEP each reaction step is divided into several intermediate points, e.g., by following selected reaction coordinates (typically bond distances) or the intrinsic reaction coordinate (IRC). However, transition-metal systems have complicated multi-dimensional reaction coordinates so to avoid a detailed mapping we adopt the standard alchemical FEP technique that only requires information about the initial and the final state. 23 9 Intermediate points are generated by a virtual reaction coordinate that gradually mixes the initial and the final state. The required information about these states is obtained by full QM:MM optimizations of all stationary points, including transition states, using the fully coupled Hessian algorithm.
Transition-metal systems require relatively expensive QM methods, e.g., hybrid DFT. We therefore freeze the geometry of the QM part and perform the FEP calculations with fully classical samplings (ONIOM-ME). In this approximation the QM energy (for a given QM geometry) does not depend on the protein structure, so only one calculation of the QM wavefunction is required for each geometry. This approximation is similar to the QM/MM-FE method, 24, 25 and calculations by Rod et. al., 18, 26 We apply the QM:MM method with free-energy corrections to the non-heme iron enzyme isopenicillin N synthase that catalyzes the formation of isopenicillin N (IPN), a key reaction in penicillin synthesis that is still used in large-scale production.
show that this method differs by less than 3 kcal/mol from their more elaborate QTCP method. In this context, it must be kept in mind that modeling of transition metal reactions is a difficult task and that the inherent error in the QM treatment has been estimated to be 3-5 kcal/mol. 2 27 Our previous QM and QM:MM studies 13, 28, 29 identified 19 intermediates and transition states for the reaction leading from the ACV substrate to the IPN product. For the free-energy treatment we selected the first half of this reaction, C-H bond activation from the iron-bound dioxygen species, followed by heterolytic O-O bond cleavage to form a ferryl-oxo species (9 stationary points). Of the two alternative mechanisms for Fe(IV)-oxo formation previously investigated, only the "ligand donor" mechanism is chosen here, partly because it shows larger protein effects.
In the following sections we first describe the computational details of the QM:[MM-FEP] method, followed by a presentation of the IPNS free energy diagram and a discussion of how it differs from a potential energy diagram calculated with the standard QM:MM optimization method.
Methods of Computation

Free energy in the ONIOM QM:MM scheme
The relative energy for a standard ONIOM QM:MM calculation is obtained as follows:
where real includes all atoms in the system and model includes the selected reaction center, with hydrogen link atoms for truncated covalent bonds. In mechanical embedding (ME), the interaction between model and real system is described at the low level of theory of the real system. The QM:MM-ME energy thus includes a QM-level description of the relative energy, and an MM-level description of the protein effect on the relative energy. An alternative to mechanical embedding is electronic embedding (EE), where the QM-MM interactions are evaluated semiclassically by including the MM point charges in the QM calculation of the model system. For a free-energy calculation, the EE approach becomes very expensive as it requires a new QM calculation for each position of the surrounding atoms. We take advantage of the speed of the ME approximation and perform fully classical free-energy calculations.
In our QM:[MM-FEP] approximation, the free energy difference between two states is calculated as:
where ∆ is the free energy correction of the model system obtained from a Hessian calculation using the harmonic oscillator approximation. 
where the free energy difference for each virtual step is calculated as:
Here is the Boltzmann constant and T is the temperature. Where we used the energy change in the reaction coordinate from to
From the FEP calculations we obtain the part of the free energy caused by the dynamics 
Geometrical and statistical effects
To better understand the origin of the QM:[MM-FEP] dynamical effects on the reaction energy diagram, we separate the contributions to the free energy into two parts: the geometrical effect and the statistical effect. The geometrical effect is due to a change in average protein geometry in the room temperature MD simulation compared to the optimized structure. The statistical effect comes from fluctuations around the average geometry, because favorable protein geometries, i.e., those that represent low-energy pathways, give larger contributions in the calculation of the free energy for a reaction step. ∆ is the difference of the free energy interaction between state X and Y and includes all dynamical effects, while ∆ is the difference in protein interaction between optimized geometries, and excludes all dynamical effects. Here, we define a value that includes the geometrical effect, but, not the statistical effect.
For this purpose we investigated the QM-MM interaction difference between λ=0 (state X) and 1
(state Y) in MD simulations with the state-X geometry and charges. The interaction energy changes as:
where 
We use the values 〈∆ 〉 − ∆ to estimate the geometrical contribution and the remaining free-energy contribution, ∆ − 〈∆ 〉 is the statistical effect. We must notice that because 〈∆ 〉 includes only the situation of λ=0 and 1, the comparison between 〈∆ 〉 and ∆ is inconsistent. However, when states X and Y are enough close, 〈∆ 〉 is reasonable approximation of the average potential energy shift from state X to Y that excludes the statistical effect.
For discussing the details, we partition the geometrical effect into contributions from 
We also define s YX for the backward reaction from state Y to state X in the state-Y protein environment. We calculate the standard deviation (s i XY ) of the single residue contribution to the interaction change (∆ ( )) as:
Computational model
The protein setup and the ONIOM system are described in detail in reference 13. Here we use the small 65-atom model system including Fe, a water ligand, selected parts of the three amino acids His214, Asp216, His270 and the reactive part of the substrate, see Figure 1 . The small size of the model system increases the protein effects and makes it easier to evaluate the difference of the static and dynamic approaches. QM calculations were performed with the density functional B3LYP. The 6-31G(d) basis set was used for the geometry optimizations and
Hessian calculations, while 6-311+G(d,p) was used for energy evaluations. 
32,33
The classical non-bonded interactions between model and real system depend on the van der Waals parameters and the assigned point charges. Atoms outside the model system were assigned parameters from the Amber94 force field 34 to be able to compare with the previous QM:MM calculations. 13 Atoms in the model system are assigned point charges from RESP 35 calculations of the model system for each stationary point, using the Gaussian 36 standard geometry for the ESP calculations and the Antechamber module of Amber 37 for the first step of the RESP fitting, see Supporting information. Charges for the part of the substrate that is not included in the model system were assigned from a calculation in the reactant state and were not changed during the reaction.
Simulation details
We started the free-energy calculations based on the optimized QM:MM geometries of the stationary states as reported in reference 13. The protein was placed in an approximately 80 x 68 x 57 Å 3 water box including ~7700 TIP3P water molecules and 11 sodium ions with periodic boundary condition. Simulations were run using the NAMD molecular dynamics program. 38, 39 5000 steps of energy minimization and 1.5 ns equilibration were applied at each stationary point before the start of the FEP calculation. All simulations used a 1 fs time step. The temperature was controlled at 298 K using a Langevin thermostat every 5 fs. Average values of the exponential and statistical errors were estimated using the bootstrap method. [40] [41] Our program uses a subroutine for the inverse error function calculation in Ooura's Mathematical Software package. 42 For each reaction step, we ran simulations both in forward (λ=0 to 1) and backward (λ=1 to 0) directions. The final result is the average of these two values and the error bars are determined by the difference of the two simulations. The method presents statistically correct estimation of an average value in biased sampling.
Results and Analysis
QM:MM-ME and -EE potential energy profiles
The use of a fully classical mechanical embedding (QM:MM-ME) potential is critical in our method as it allows for longer sampling times and better convergence of the FEP calculations.
To check how the classical approximation of the protein-core interactions matches the semiclassical electronic embedding approach, we calculated the static energy diagram using both methods, see Counting all stationary points, the mean absolute deviation between ME and EE approximations is 2.2 kcal. Major deviations between the two methods appear for stationary points 4 (iron-bound peroxide) and 9 (ferryl-oxo + water). In the first case, 4, two alternative electronic structures can be drawn, see Figure 3 , with the difference being a charge transfer between substrate and iron.
This charge transfer leads to significant electrostatic repulsion from the surrounding protein, and while the ME calculation indicates a complete charge transfer (no spin population on the substrate), in the EE calculation there remains some unpaired spin population on the substrate carbon (-0.14). The difference in electron density between ME and EE can be ascribed as a If we only compare the barrier heights of the three transition states, from state 2 to 3, 5 to 6 and 7 to 8, the mean absolute deviation is only 0.67 kcal/mol. Although the classical approximation
shows differences compared to the semi-classical approximation for certain steps, the potential energy diagrams for the present reaction are mostly reasonable. We therefore employ the classical charges for our FEP calculations.
Dynamical contribution to the free-energy diagram
The dynamical contributions to the free-energy diagram ∆ −∆ are shown in Compared to the static ONIOM-ME description, the free-energy description leads to an increase in the C-H activation barrier (state 2 to 3) and a decrease in the barrier for O-O bond activation by significantly stabilizing state 6 relatively to 5. For evaluation of the reaction mechanism, the most significant difference is the predicted rate-limiting step. The ONIOM-ME (RESP) diagram suggests that O-O bond activation is rate-limiting. The free-energy approach gives a higher barrier for C-H bond activation step (2 to 3) compared to O-O bond cleavage (5 to 6), which is consistent with kinetic isotope experiments that show that C-H activation is at least partly rate-limiting. 43 However, the two barriers are relatively close in both cases and the uncertainties in both QM and MM treatment makes it difficult to use the relative barriers as a reliable benchmark. The computed free-energy of C-H activation barrier is 12.9 (±0.3) kcal/mol, where the error bars reflect the statistical error of the FEP calculation. The value is significantly lower than the experimentally estimated reaction barrier of 16.8 kcal/mol, 44 but that barrier is based on a DFT calculation with the B3LYP functional. This method may underestimate barriers of simple hydrogen atom transfer reactions. 45, 46 We discuss the geometrical and statistical effects in the next two subsections.
Statistical vs. geometrical effects in the free energy diagram
The geometrical effect is caused by the change in average protein geometry compared to the optimized structure. The statistical effect comes from fluctuations around the average geometry. In Figure 6 each protein residue is represented by a circle. The horizontal axis indicates the RMSD value between the MD average geometry and the optimized geometry, i. e.
how much a residue moves on average in MD simulations. The vertical axis indicates the RMSD in geometry of 10 MD snapshots from the average MD geometry. This value correlates to the flexibility of the residues, i.e., how much their positions fluctuate from their average MD positions. Many of these flexible residues are on the protein surface, which is reasonable because the MD system includes explicit water molecules that allow surface residues to move during the simulation. However, we also note that many residues inside the protein also show significant flexibility. We found residues for which both RMSDs are large and these geometry changes may represent the geometrical and statistical effects. For a more detailed analysis of geometry changes during MD simulations, see the Supporting information. Here, we try to determine which effect controls the protein effect on each barrier of the entire reaction free energy profile. We calculated three type of non-bonded interaction energy, ∆ , ∆ and 〈∆ 〉 that include both geometrical and statistical effects, no effect and the geometrical effect, respectively. When The green straight line is ∆ . In the case of XY=23, Figure 8a , the fluctuations of both black and red lines are small. That is, most geometries have similar opportunity for the reaction from state X to Y or vice versa. All these geometries contribute similarly to the free energy profile and the statistical effect is small. However, the green line, representing the static calculation, is shifted relative to the center of the black and red lines that represent the dynamical calculation.
Looking back at the energy contributions in Figure 7 , it is clear that the geometrical effect, rather than the statistical effect, dominates the protein contribution to the free energy profile. We notice that these two simulations are independent and time axis can shift. and 56 are largely positive and negative, respectively, see Figure 7 . These dynamical contributions mainly originate from the statistical or entropical effect of the thermal fluctuations.
We put the graph of |∆ − 〈∆ 〉 | to compare with the log of standard deviations. Good correlation is shown in Fig. 9 . For sign of ∆ − 〈∆ 〉 , see Fig. 7 . In each case, several residues contribute significantly, resulting in partial cancellation of the geometrical effect. A common significant residue Asn252 has a hydrogen bond with the residue Asp216; Asn252 can rotate almost 180 degrees between the stationary points in MD simulation. This residue is located close to the ligand water molecule that is involved in the reaction. The energetic effect of Asn252 is large in both steps 56 and 67, but of opposite sign, so it is possible that it switches back and forth as the reaction proceeds. As expected, most other significant residues are also in the vicinity of the QM part. Glu215, Val217 and Arg271 are located next to ligand residues His214, Asp216 and His270, respectively. Asn225 and Ser281
Residue contributions of the geometrical and statistical effects.
have H-bonds with the ACV substrate. Pro268 has H-bonds with ligand His270. Phe211 is close to the ligand oxygen molecule. Thr331 contacts to MM part of ACV (as shown in the supporting information) and Asn328 is a neighbor of Phe211 and His214. We also analyzed whether these geometrical effects are from electrostatic or VDW interactions. In above residues, only Asn252 in XY=56 and Gln225, Asn252 and Ser281 in XY=67 have strong geometrical effects due to their electrostatic interaction. Although there are many residues that have similar or even larger size of the electrostatic interaction changes, it is not enough to be strongest without the contribution from VDW. These Asn, Gln and Ser residues have uncharged polar side chains. Residues with large electrostatic repulsion might not make enough VDW contact with the QM part. The geometrical effects of the other significant residues in Figure 10 are mainly caused by VDW interactions. Comparing the values of the standard deviation in cases of weak statistical effect (XY=23 and 67) with in cases of strong statistical effect (XY=45 and 56) in Figure 11 , the size of the standard deviation for significant residues are much different (see vertical axes). On the other hand, significant values of ∆∆ (X) are similar size in Figure 10a to 10d. These comparisons suggest that the geometrical effect is relatively stable for different reaction steps and the statistical effect can become large, because these values connect to the statistical and geometrical effects, respectively. When the dynamical contribution is large, the statistical effect dominates it in the reaction step. When the statistical effect is weak, sizes of the geometrical and statistical effects can be comparable.
Discussion
The goal in the present paper is to describe a method that can give a broad overview of dynamical contributions for complex multi-step reactions. To achieve this, the most important approximations are the neglect of dynamical contributions on the QM region and a classical description of the interaction between QM and MM regions. With these two approximations, we avoid recalculating the QM wavefunction for each snapshot of the protein geometries.
The QM:[MM-FEP] approach belongs to a family of ONIOM approaches to model interactions between model and real system. ONIOM-ME describes these interactions classically, and does not include polarization of the model system or the surrounding. In the semi-classical ONIOM-EE description, the model system is polarized by the charges of the surrounding, but polarization of the environment is not included. The geometry optimization procedure leads only to small changes in the protein structure, and does not really describe geometric polarization. The FEP approach includes a geometric polarization of the actual environment at a finite temperature, but uses the classical representation of the electrostatic interactions.
Comparing the static and dynamical results of the potential diagram, the largest change is in the transition state barrier for O-O bond cleavage (XY=56), see Figure 5 . In this investigation, the dynamical contributions to the energetics have been separated into two types of effects, the geometric and the statistical effects. For the present reaction step, the statistical effect dominates the dynamical contribution of the protein on the free energy profile. The result suggests that the barrier at the QM:MM level includes an artificially high electrostatic repulsion, caused by lack of polarization in the frozen protein environment. The structure fluctuation of the protein environment screens this interaction and decreases the barrier height. We therefore suggest that when redox center presents significant change of either geometry or electrostatic potential, the dynamical contributions to the free energy reaction diagram should be considered.
In FEP methods, all coordinates other than the selected reaction coordinate are integrated.
Any type of the reaction coordinate can be selected, either a real geometry space coordinate or a virtual space coordinate. When choosing a real space coordinate, various computational developments have been reported using different integration methods for leaving coordinates. [47] [48] In the most cases, one or a few reaction coordinates like bond, angle or dihedral torsion have been chosen. The approach is appropriate for discussing the realistic dynamics of the system. In the present investigation we have employed the alchemical FEP method that uses a non-physical coordinate. The reaction coordinate describes the appearance of atoms in the final state and disappearance of atoms in the initial state. One advantage is that this method can be used for any change of a system, not only chemical reactions. Here we use the method out of convenience because it is possible to describe the reaction path between two intermediates without a detailed mapping of the potential energy surface. However, in cases where the appearing and disappearing atoms leads to significant changes in the Hamiltonian, the FEP calculation is sometimes hard to converge, and the alchemical FEP method has therefore been preferably applied to small fragments. Alchemical-FEP method uses direct linear interpolation of the interaction potential energy. The potential interpolation for the free energy calculation is a traditional approach. 49 There is another approach to build a virtual reaction coordinate in the linear interpolation of the other physical values like atomic coordinates and charges. In the present study, we have selected a large fragment that includes the enzymatic reaction center as the alchemical part. The chemical reaction mainly occurs at the center of the fragment and only the metal ligands describe large geometric changes. We find that for reactions where the change in electronic structure is dominant, compared to changes in geometric structure, the alchemical FEP approach is well-behaved. However, convergence is slow when strong VDW contacts appear during the FEP step. The error bars are largest for the release of water (step 89)
where the oxygen atom moves out about 1 Å from its original position in state 8 and occasionally makes strong VDW contacts with Leu231 and MM water molecules in the MD simulation. The same oxygen atom moves significantly (0.8-1.3 Å) also in other five reaction steps. But the difference is that in the final step, the water is released from the active site out into the environment. The water molecule has significant flexibility inside the protein and such strong VDW contacts can be avoided. The perturbation criterion is broken in the moment and an artificial energy is included in this part of FEP calculation. To avoid such problems, it might be necessary to check the change in the effective volume of the redox center when this method is applied.
Another problem appears when the statistical effect has a large contribution to the free energy profile. In that case the FEP calculation picks up only a small number of samples from the configurations that contribute the most. Therefore, such rare events get a very high weight in the FEP calculation. As an example XY=56 has large fluctuation of ∆ and the error bar of the computed dynamical contribution is also relatively large. For accurate calculations of reactions dominated by the statistical effect, longer sampling might be needed to include enough number of events, or it may be required to apply another approach. 51 As we froze the redox center in the MM calculation, we neglect two free-energy terms caused by the dynamics of the redox center. One is that the average geometry of the redox center can change due to the protein dynamics. This effect can be included by applying free energy gradient methods. 52, 53 The other term is the statistical effect of the redox center that influences the dynamics of neighboring residues and solvent. QM/MM sampling or an alternative method is required to including this term, although with a significant increase in computational cost. These terms depends on computed system and model and are not clearly negligible. That is future challenging problem.
Conclusion
The dynamical contribution of the protein environment to the reaction energy diagram has been included at the ONIOM QM:MM level, using an MM FEP method. We applied the method to eight reaction steps of the non-heme iron enzyme isopenicillin N synthase. Redox active metal enzymes require a relatively expensive QM treatment of the active site, and the method is therefore designed to avoid recalculating the QM density at any point of the dynamics simulation.
The dynamical contribution has been separated into geometric and statistical effects of the protein environment. The geometrical effect comes from a change in the average protein geometry and influences to the overall potential of the reaction diagram. The statistical effect is caused by the fluctuation of the interaction between MM and QM part during the molecular dynamics simulation. With respect to the IPNS enzymatic reaction mechanism, the inclusion of the dynamical contribution, mainly coming from the statistical effect, decreases the barrier for O-O bond cleavage by several kcal/mol. These results show that the dynamical fluctuations of the protein environment can be a factor when modeling enzymatic reactions.
